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Experiments have been carried out to investigate the role of the apical ectodermal ridge (AER) and FGF-4 on the control of
cell migration during limb bud morphogenesis. By coupling DiI cell labeling with ectopic implantation of FGF-4
microcarrier beads we have found that FGF-4 acts as a potent and specific chemoattractive agent for mesenchymal cells of
the limb bud. The response to FGF-4 is dose dependent in both the number of cells stimulated to migrate and the distance
migrated. The cell migration response to FGF-4 appears to be independent of the known inductive activity of FGF-4 on Shh
gene expression. We investigated the role of the AER in controlling cell migration by characterizing the migration pattern
of DiI-labeled subapical cells during normal limb outgrowth and following partial AER removal. Subapical cells within 75
mm of the AER migrate to make contact with the AER and are found intermingled with nonlabeled cells. Thus, the progress
zone is dynamic with cells constantly altering their neighbor relationships during limb outgrowth. AER removal studies
show that cell migration is AER dependent and that subapical cells redirect their path of migration toward a functional AER.
These studies indicate that the AER has a chemoattractive function and regulates patterns of cell migration during limb
outgrowth. Our results suggest that the chemoattractive activity of the AER is mediated in part by the production of
FGF-4. © 1999 Academic PressKey Words: limb; pattern formation; chemotaxis; migration; FGF-4; AER, Shh; morphogenesis.
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1INTRODUCTION
In the chick embryo the formation of the early limb bud
is characterized by a series of distinct morphogenetic
changes that include the initial formation of the limb bud,
the elongation of the proximal–distal length of the bud, and
the flattening and widening of the distal bud to form the
presumptive autopod. These morphogenetic events are
known to be controlled by developmental changes in the
patterns of tissue-specific and position-specific gene expres-
sion. Such changes in gene expression are likely to result in
alterations in cell behaviors, such as cell growth and differ-
entiation, important for normal morphogenesis. The elon-
gation of the early limb bud is a particularly well-studied
morphogenetic process that is controlled by the apical
ectodermal ridge (AER). Associated with the elongation of
1 Current address: Center for Blood Research, Harvard Medical
School, 200 Longwood Ave., Boston, MA 02115.
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All rights of reproduction in any form reserved.he limb bud is the establishment of a gradient of mesen-
hymal cell proliferation that is highest at the apex of the
ud (the progress zone) and decreases at progressively more
roximal levels (Hornbruch and Wolpert, 1970; Summerbell
nd Wolpert, 1972). The AER exerts its influence on limb
ud elongation by stimulating cell proliferation in progress
one cells (Globus and Vethamany-Globus, 1976; Reiter
nd Solursh, 1982). Another characteristic of the AER that
ppears to be unrelated to its mitogenic activity is that it
lays a role in maintaining signaling from the zone of
olarizing activity (ZPA; Anderson et al., 1993, 1994; Vogel
nd Tickle, 1993).
Members of the fibroblast growth factor (FGF) family of
ignaling molecules are produced by the AER and can
eplace its function following AER removal (Niswander and
artin, 1992; Suzuki et al., 1992; Niswander et al., 1994;
avage et al., 1993; Fallon et al., 1994; Dono and Zeller,
994; Heikinheimo et al., 1994; Ohuchi et al., 1994; Cross-
ley and Martin, 1995; Mahmood et al., 1995). Such studies
suggest that FGFs produced by the AER stimulate limb bud
elongation by acting as a distally localized mitogen for
progress zone cells. Consistent with this idea is the obser-
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336 Li and Muneokavation that FGF-2 or FGF-4 stimulates proliferation in
cultures of limb bud tissues or dissociated cells (Aono and
Ide, 1988; Niswander and Martin, 1993). In addition, FGFs
induce distal outgrowth following limb bud amputation
(Taylor et al., 1994; Kostakopoulou et al., 1996, 1997) and
also induce flank cells to produce ectopic limbs in the early
embryo (Ohuchi et al., 1995; Cohn et al., 1995; Crossley et
al., 1996; Vogel et al., 1996; Ohuchi et al., 1997). With
respect to ZPA signaling, like the AER, FGFs are known to
maintain ZPA signaling (Anderson et al., 1993, 1994; Vogel
and Tickle, 1993; Li et al., 1996) and the expression of the
Shh gene in ZPA cells (Niswander et al., 1994; Laufer et al.,
1994; Yang et al., 1995; Li et al., 1996). The influence of
FGFs on Shh gene expression is indirect (Kimura and Ide,
1998) and is expected to be independent of its mitogenic
influence since posterior cells are not growth stimulated in
vitro (Aono and Ide, 1988). Thus, FGF signaling by the AER
plays an essential role in the control of limb bud outgrowth
by acting in two distinct ways: first, as a mitogen for cells of
the progress zone, and second, as a maintenance factor for
cells of the ZPA.
The cellular mechanisms by which FGF signaling stimu-
lates progress zone cells during limb bud elongation remain
unclear. In order for a developing organ such as the verte-
brate limb bud to enlarge and elongate in a specific direc-
tion, cell proliferation must occur in a highly organized
manner. In the case of the developing limb bud the local-
ization of a mitogenic signal at the AER provides the basis
for such a mechanism. However, computer-modeling stud-
ies of limb bud morphogenesis indicate that the existence of
an apical growth zone alone is insufficient to account for
limb bud shape changes that occur during bud elongation
(Ede and Law, 1969). Such studies suggest that an apical
growth zone in combination with apical cell migration is
required to account for elongation of the limb bud. To date,
few studies implicate the AER in the regulation of cell
migration by progress zone cells (see Li et al., 1996).
However, FGF signaling in both vertebrate and invertebrate
embryos has been implicated in the control of cell migra-
tion (see Sutherland et al., 1996; Burdine et al., 1997; Itoh et
al., 1996; Webb et al., 1997). Recently, FGF-10 has been
shown to act as a chemotactic factor during lung morpho-
genesis (Min et al., 1998; Park et al., 1998; Sekine et al.,
1999). In a previous study we demonstrated that ectopic
implantation of FGF-2 inhibited limb bud outgrowth by
altering cell movements and patterns of gene expression in
the early limb bud (Li et al., 1996). Our data suggested that
FGF signaling by the AER might play a role in the control of
cell movements during elongation of the early limb bud. In
this study, we have investigated the roles that the AER and
FGF signaling play in the control of cell movements during
limb development. Our findings demonstrate for the first
time that FGF-4 and the AER act as a chemoattractant for
progress zone cells and that this chemotactic activity is
independent of its role in maintaining Shh expression.
These data suggest that FGF-4 is an endogenous chemoat-
tractant produced by the AER during limb development.
Copyright © 1999 by Academic Press. All rightMATERIALS AND METHODS
Fertilized White Leghorn chicken eggs (Trustlow Farms, Ches-
tertown, MD; Louisiana State University, Poultry Science Depart-
ment, Baton Rouge, LA) were incubated at 38°C and windowed
after 3.5 (for stage 20 embryos) or 4.5 (for stage 24 embryos) days of
incubation. Embryos were staged according to the criteria of
Hamburger and Hamilton (1951) and stage 20 or 24 embryos were
selected for use in these experiments. Microsurgical manipula-
tions, such as AER removal, were performed using sharpened
tungsten needles. For skeletal analysis, after a total of 10 days of
incubation both wings of each embryo were excised and fixed in
Bouin’s fixative. Tissue was stained with Victoria blue (Bryant and
Iten, 1974), dehydrated in ethanol, and cleared in methyl salicylate.
Whole-mount in situ hybridization studies were carried out as
reviously described (Li et al., 1996).
Bead Preparation and Grafting
FGF-4 was applied ectopically to the wing bud using agarose
beads. Affi-Gel Blue beads (Bio-Rad) with a size of 200–250 mm
ere selected and washed in phosphate-buffered saline (PBS). Each
ead was incubated in a 2-ml drop (4°C, overnight) containing
human FGF-4 (R & D Systems) at loading concentrations that
ranged from 25 to 1000 mg/ml. Unless otherwise stated, FGF4 beads
used in these experiments were loaded at a concentration of 1000
mg/ml. FGF-4 beads loaded at a lower concentration are referred to
as FGF-4 beads with the loading concentration in parentheses; for
example, FGF-4 beads (25 mg/ml) refers to beads incubated in a 25
mg/ml concentration of FGF-4. Control beads were incubated in
PBS without FGF-4 (PBS beads). FGF-4 beads were implanted into
the limb bud using two different techniques. First, an FGF-4 bead
was threaded onto a tungsten tack and pinned to a graft site in
which a proximal–distal incision was made through the dorsal
ectoderm and mesenchyme. Second, an FGF-4 bead was implanted
into the limb bud through a tunnel created with a tungsten needle
that extended from the base of the limb bud to the bead implanta-
tion site. Both implantation techniques yielded similar results.
Cell Marking
For cell-marking studies, limb bud cells were labeled with the
lipophilic dye DiI (1,1-dioctadecyl-3,3,39,39-tetramethyl-indocarbo-
cyanine perchlorate; Molecular Probes, Inc.) following a protocol
described by Stern and Holland (1993). Briefly, DiI (0.5% in 100%
ethanol) was diluted 1:9 with 0.3 M sucrose containing 0.1% Nile
blue sulfate. The DiI solution was backfilled into a pulled glass
needle and pressure injected into the limb bud tissue using a
micromanipulator under a dissection microscope. For analysis,
embryos were fixed in 4% paraformaldehyde for 6–12 h and
partially cleared in 30% sucrose. Whole-mount limb preparations
were analyzed using fluorescence microscopy. In some cases, limb
bud preparations were hydrated and processed for cryosectioning to
provide a more detailed distribution of DiI-labeled cells within the
limb bud. For histological analysis, limbs were cleared in 30%
sucrose and embedded in Tissue-Tek OCT (Miles Scientific), and
20-mm serial sections were cut. For the identification of cartilage,
sections were stained with Alcian blue (0.25% in 0.5 M HCl) for 30
min and then mounted in saturated sucrose. For the identification
of muscle tissue, sections were immunostained with sarcomeric
myosin-specific antibody MF-20 (Bader et al., 1982) provided by the
Developmental Hybridoma Bank using the Vectostain ABC kit
s of reproduction in any form reserved.
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337Chemotaxis in Limb Development(Vector Labs). DiI labeling was not influenced by Alcian blue
staining or by immunostaining (not shown).
Distance measurements were made directly using fluorescence
microscopy to analyze the distribution of DiI-labeled cells or
indirectly from digitized images captured at the time of operation
for the distribution of Nile blue sulfate that was coinjected with
DiI. Nile blue sulfate labeling was used to estimate the size of the
initial injection site because fluorescence analysis in ovo for DiI
labeling can result in damage to the labeled cells. To establish the
accuracy of these two measurements, a control series of stage 20
wing buds (n 5 9) were injected and immediately fixed for analysis
sing fluorescence analysis. A comparison of measurements taken
rom digitized images of Nile blue sulfate staining taken at the
ime of injection to direct measurements of the DiI-labeled region
ndicated that Nile blue sulfate staining spread 22% beyond the
oundary of DiI staining. Thus, measurements of Nile blue stain-
ng taken from digitized images of the initial injection site were
orrected by this amount. Counting of DiI-labeled cells in different
ones was carried out in whole-mount preparations using the
uorescent microscope. In a few limbs which received the highest
oncentration of FGF-4, the number and density of migrating cells
ere too large to count. In these cases the number of migrating
ells was estimated at the upper limit of our samples that could be
ccurately counted (120 cells). The mean for the total number of
igrating cells was calculated as the sum of all cells in zones I and
I divided by the total number of limbs analyzed. The mean for the
umber of cells in each individual zone was calculated by dividing
he total number of migrating cells in that zone by the number of
imb buds counted. Statistical significance was determined based
n t tests comparing the experimental data to the total number of
migrating cells observed in control limb buds receiving PBS-treated
bead implantations.
RESULTS
FGF-4 Is a Chemoattractant for Limb Bud Cells
in Vivo
To investigate whether FGF-4 signaling plays a chemo-
tactic role in regulating cell migration we developed an in
vivo assay in which posterior-distal cells of stage 24 limb
buds were labeled with DiI and a carrier bead containing
FGF-4 was simultaneously implanted into the central–
distal region of the limb bud (Fig. 1A). The DiI-labeled cells
and the implanted FGF-4 bead were at the same proximal–
distal level and separated by approximately 130 mm. Cells
labeled with DiI were within the ZPA and the expression
domain of the Sonic hedgehog (Shh) gene (Riddle et al.,
1993). Fate-mapping studies (see Vargesson et al., 1997) and
ur own PBS bead control experiments indicated that cell
ovements only occur along the proximal–distal axis (Fig.
B). Since cell migration along the anterior–posterior limb
ud axis does not occur during normal limb outgrowth, this
s a sensitive assay for small changes in cell movements.
In our initial studies we discovered that 12 h following
iI injection and bead implantation, DiI-labeled cells were
ound to have migrated laterally along the anterior–
osterior axis of the bud and had accumulated at the FGF-4
ead (Figs. 1C and 1D). FGF-4 induced an atypical migration
esponse in 86% (12/14) of the limbs analyzed, and the
s
s
Copyright © 1999 by Academic Press. All rightemaining two samples displayed no migration response. In
imbs that displayed a migration response, two distinct cell
istribution patterns were observed: (1) bifurcation of the
iI-labeled region to form a cluster of cells associated with
he FGF-4 bead (10/12, 83%; Fig. 1C) and (2) anterior
xpansion of the DiI-labeled region to form a trail of cells
irected toward the FGF-4 bead (2/12, 17%; Fig. 1E). Since
ells were clustering around the FGF-4 bead after 12 h of
ncubation, we reasoned that this abnormal migration re-
ponse to an FGF-4 source was largely completed within a
2-h period. To further explore the time course of this
igration response we analyzed the extent of cell migration
t 3 and 6 h following DiI labeling and FGF-4 bead implan-
ation. At 3 h we found no indication of a migration
esponse (not shown). After 6 h, a trail of labeled cells was
bserved migrating toward the FGF-4 bead in 60% of the
imbs (6/10), and in some cases individual cells were in
irect contact with the bead (Fig. 1E). No clustering of cells
round the FGF-4 bead was observed at these early time
oints; thus, the clustering of cells develops as individual
ells accumulate at the FGF-4 bead. In PBS bead controls,
fter 6 h no cell migration was observed (n 5 8). After 12 h
ome scattering of cells was observed in 4 of 13 samples
31%, Table 1) with the remaining limbs displaying no cell
ovements along the anterior–posterior axis. Control limb
uds never formed a cluster of DiI-labeled cells associated
ith the implanted bead. In addition, FGF-2 beads failed to
licit a migration response in this assay (not shown). Thus,
ur data suggest that FGF-4 is a specific chemoattractant for
imb bud cells.
In an additional study we altered the position of the
mplanted FGF-4 bead to a site proximal to the DiI-labeled
osterior cells to determine whether posterior limb bud
ells could migrate in a direction opposite that of bud
longation. In these limbs, we observed a proximal migra-
ion response in 81% (13/16) of the cases with cells migrat-
ng directly to the source of FGF-4 (Fig. 1F). As in our
revious experiment, the majority of the responses after
2 h of incubation (69%, 9/13) consisted of a cluster of
iI-labeled cells associated with the FGF-4 bead. In the
emaining limbs (31%, 4/13), a trail of DiI-labeled cells
etween the DiI injection site and the FGF-4 bead was
bserved (not shown). Control studies indicated that cells
o not migrate toward a proximally placed PBS bead (not
hown), indicating that the migration response was specific
o the FGF-4 exposure. These in vivo studies demonstrate
hat FGF-4 can stimulate abnormal movements of limb bud
ells such that they migrate in either an anterior or a
roximal direction. In all instances, cell migration stimu-
ated by FGF-4 occurred rapidly and was directed toward the
ource of FGF-4. We conclude that a localized source of
GF-4 acts in a chemoattractive manner to regulate the
irection of cell migration in the limb bud.
To further characterize the chemoattractive action of
GF-4 on posterior limb bud cells we have carried out a
emiquantitative analysis of the number of cells that are
timulated to migrate and the distance they migrate within
s of reproduction in any form reserved.
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338 Li and Muneokaa 12-h exposure to FGF-4. We analyzed our results by
scoring the frequency of limbs that displayed a migration
response and by scoring the number of cells that migrated
out of the posterior region of the limb bud. In these studies
we were not able to control the exact number of cells
initially labeled beyond maintaining a constant size of the
initial injection site. DiI-labeled cells were counted using
fluorescence microscopy in whole-mount preparations
cleared in sucrose. With the exception of samples with very
large numbers of migrating cells, we can resolve individual
migrating cells as well as small clusters of cells that
accumulate at the FGF-4 bead. For this analysis we parti-
tioned the limb bud into quadrants along the anterior–
posterior axis: (1) the posterior quadrant, which contained
the injection site and was not analyzed, contained cells that
were considered nonmigrating (P in Table 1); (2) the
posterior–central quadrant (zone I in Table 1) which con-
tained the bulk of the FGF-4 bead and also the majority of
FIG. 1. FGF-4 is a chemoattractant for limb bud cells. (A) The in v
f a stage 24 limb bud (arrowhead) and implantation of a carrier be
uds were analyzed for migrating cells after 3, 6, and 12 h of incubat
istal is to the right and posterior is at the bottom) imaged in bright
B) In PBS-treated bead implantation control limb buds, DiI-labeled
igrate toward the implanted bead (*). (C) Twelve hours followin
DiI-labeled cells are apparent: one associated with the FGF-4 bead (*
injection site (arrowhead). (D) In a minority of cases, DiI-labeled cel
site (arrowhead) to the FGF-4 bead (*). (E) Six hours after implanta
anteriorly toward the FGF-4 bead (*) and a few cells can be seen ma
bead (*) was implanted proximal to the posterior injection site (sta
direction. After 12 h of incubation the majority response was the
FGF-4 bead (arrow) located at the base of the limb bud and a seconmigrating cells; and (3) the anterior two quadrants (zone II
in Table 1) which contained the region of the bead furthest
Copyright © 1999 by Academic Press. All rightway from the DiI-labeled cells. The only purpose of divid-
ng the limb bud into quadrants was to aid in our cell
ounting. For limb buds treated with FGF-4 beads (1000
mg/ml), migrating cells were observed in 86% of the limbs
scored. At this loading concentration of FGF-4 DiI-labeled
cells were found in all three zones in limb buds (Table 1).
The presence of cells remaining in the posterior indicates
that not all posterior limb bud cells migrate in response to
FGF-4 treatment. The mean number of DiI-labeled cells in
zones I (99 cells/bud) and II (32 cells/bud) was significantly
higher when compared to control limb buds (Table 1). At
this loading concentration of FGF-4, migrating cells were
found in both zones I and II in every limb displaying a
migration response. We also note that the anterior–
posterior width of the limb bud was 20% larger than control
limb buds following FGF-4 implantation, suggesting en-
hanced cells proliferation in response to ectopic FGF-4.
In another series of experiments, the concentration of
ssay for migration consisted of DiI labeling of posterior-distal cells
) containing FGF-4 into the central–distal region of the bud. Limb
B–F are computer overlays of whole-mount limb buds (dorsal view,
and also with fluorescence microscopy to identify DiI-labeled cells.
after 12 h of incubation expanded distally (arrowhead) but did not
plantation of an FGF-4-treated bead (1000 mg/ml), two clusters of
ated centrally in the limb bud (arrow) and a second at the posterior
re scattered along a trail that extended from the posterior injection
of an FGF-4-treated bead, DiI-labeled cells are observed migrating
contact with the bead (arrow). (F) Experiments in which an FGF-4
limb bud) resulted in the migration of labeled cells in a proximal
ation of two clusters of DiI-labeled cells: one associated with the
the posterior injection site (arrowhead).ivo a
ad (*
ion.
field
cells
g im
) loc
ls we
tion
king
ge 24FGF-4 used to incubate beads was sequentially reduced.
The experimental design was as previously described (i.e.,
s of reproduction in any form reserved.
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339Chemotaxis in Limb Developmentposterior DiI labeling with central FGF-4 bead implanta-
tion) with the exception that a range of FGF-4 concentra-
tions (250, 100, and 25 mg/ml) was used to incubate beads.
The results from these experiments are presented in Table
1. We found that FGF-4 beads incubated within a 10-fold
range in bead-loading concentration (1000 to 100 mg/ml)
timulated a migration response in 87% (34/39) of the limbs
nalyzed (1000 mg/ml, 86%; 250 mg/ml, 89%; and 100
mg/ml, 83%) with the majority of the affected limbs (68%,
23/34) displaying a clustering of DiI-labeled cells associated
with the implanted FGF-4 bead. At the lowest FGF-4
concentration tested (25 mg/ml), 54% (7/13) of the limbs
TABLE 1
FGF-4 Dose-Dependent Migration
Note. For analyzing cell migration the limb bud was div
posterior quadrant (P in the limb bud figure) contained th
migrated relatively short distances from the injection site.
number of cells that migrated out of the posterior quadran
bud figure) is the posterior-central quadrant and contained
in the limb bud figure) is the combined two anterior q
whole-mount preparations under fluorescence microscopy
unambiguously. However, in limb buds treated with beads
the number of migrating cells in zone I was very high and
In these cases we estimated cell number in zone I at the up
unambiguous counting was possible (120 cells). Thus, the
number of migrating cells. The number of samples counted
extent of cell migration between individual limbs was va
* P , 0.01.isplayed a migration response with 57% (4/7) of the
ffected limbs displaying clustering of migrating cells.
i
i
Copyright © 1999 by Academic Press. All righthen the numbers of DiI-labeled cells in each zone were
ompared, we found that the mean number of DiI-labeled
ells in zones I and II decreased as the FGF-4 concentration
sed to load the beads decreased (Table 1). Comparing the
otal numbers of migrating cells as a function of the total
umber of limbs analyzed in each group we find that the
umber of cells that migrate to FGF-4 beads loaded with
oncentrations higher than 100 mg/ml is statistically sig-
ificant with respect to controls. We also note that even at
he lowest FGF-4 loading concentration we observed some
imbs with clusters of cells associated with the FGF-4 bead
25 mg/ml), whereas clustering of cells was never observed
into quadrants (each quadrant is 250 1 20 mm wide). The
itial site of DiI labeling and cells that did not migrate or
counts were not carried out in the posterior quadrant. The
s counted in two zones. Zone I (I and shaded in the limb
majority of labeled migrating cells. Zone II (II and shaded
ants of the limb bud. Cell counts were carried out in
ost cases the number of migrating cells could be counted
ed with the highest concentration of FGF-4 (1000 mg/ml),
density precluded unambiguous counting in some cases.
nd of the data set we had collected for limb buds in which
er end of our data set is an underestimation of the actual
ach experiment varied between zones I and II because the
e.ided
e in
Cell
t wa
the
uadr
. In m
load
their
per e
upp
for e
riabln control studies. These data suggest that the FGF-4-
nduced migration response is dose dependent and that both
s of reproduction in any form reserved.
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340 Li and Muneokathe number of migrating cells and the distance that these
cells migrate are linked to the level of their exposure to
FGF-4.
Cellular Response to FGF-4
The early limb bud is composed primarily of mesenchy-
mal cells that form much of the connective tissues of the
limb (i.e., skeleton, tendons, ligaments, dermis, loose con-
nective tissue), whereas other tissues are derived from cells
that migrate into the limb bud (e.g., muscle, vasculature).
During limb outgrowth mesenchymal cells form the
progress zone where active morphogenesis of the limb
occurs, whereas myogenic cells migrate into the limb bud
from somitic tissues and trail behind the progress zone
(Newman et al., 1981). Migration of myogenic cells is
known to be AER dependent and FGF signaling is impli-
cated in their migration (Itoh et al., 1996; Webb et al., 1997).
The posterior cells that we use in our migration assay are
located within the progress zone and non-overlapping with
tissues containing migrating myoblasts. To confirm a mes-
enchymal origin of these migrating cells, experiments were
carried out to characterize the fate of migrating cells.
Posterior cells were DiI labeled and an FGF-4 bead was
implanted into a central position of the bud. The fate of
migrating cells was determined 4 days later by identifying
the distribution of labeled cells within the various tissue
types of the limb. After 4 days, labeled cells were found
scattered along the proximal–distal axis of the limb extend-
ing from the level of the radius/ulna into the digits. The
level of DiI labeling varied from cell to cell indicating
differential dilution of the label as a result of cell division;
however, even faintly labeled cells were easily identified.
The majority of DiI-labeled cells were found in the loose
connective tissues of the dermis and the loose connective
tissues surrounding muscle (Fig. 2A). DiI-labeled cells were
also observed in cartilage either as a single brightly labeled
cell (Fig. 2B) or as small groups of faintly labeled cells (not
shown). DiI-labeled cells were never found within muscle
tissue (identified based on immunoreactivity with MF-20)
nor did we observe DiI-labeled cells associated with the
limb vasculature. Our observations confirm a mesenchy-
mal origin of cells that display a chemotactic response to
FGF-4.
Another outcome of these long-term labeling studies
concerns the overall spatial distribution of labeled cells in
FGF-4 bead-implanted limb buds. Within a single limb bud,
DiI-labeled cells formed two distinct distribution patterns,
one that extended distally from the FGF-4 bead located in
the central limb and the other that extended distally from
the posterior injection site (Fig. 2C). This distribution of
labeled cells indicates that after the initial migration to the
FGF-4 bead (within 12 h), DiI-labeled cells continued to
migrate distally as the limb bud elongated. Similarly, pos-
terior DiI-labeled cells that failed to respond to FGF-4 also
migrated distally during limb elongation. Thus, we can
identify two distinct subpopulations of migratory mesen-
Copyright © 1999 by Academic Press. All rightchymal cells in the posterior limb bud: cells that respond to
FGF-4 and cells that do not. The fact that both cell popu-
lations appear to migrate distally during limb outgrowth
raises the possibility that multiple chemoattractants are
produced by the AER.
During limb bud elongation the ZPA and the Shh expres-
sion domain shifts distally and remains associated with the
tip of the bud (Riddle et al., 1993). We showed that cells in
he Shh expression domain could migrate toward a cen-
trally implanted FGF-4 bead (Figs. 1C, 1D, and 1E); thus, it
is possible that FGF-4 could stimulate migration of Shh-
expressing cells. To test this, we analyzed the effect of a
centrally located FGF-4 bead on the Shh expression domain.
ur results indicate that 12 h after bead implantation into
central position, the Shh expression domain expands
proximally to encompass the posterior edge of the limb bud
(Fig. 2D). The alteration of the Shh expression domain in
response to a centrally located bead is similar to that of a
proximally implanted FGF-4 bead (Yang and Niswander,
1995). However, we did not observe an expansion of the Shh
expression domain centrally (toward the FGF-4 bead), as
would have been predicted if Shh-expressing cells were
migratory. In addition, implantation of an FGF-2 bead
which does not induce a migration response did induce a
similar proximal expansion of the Shh expression domain
(not shown). In control experiments using a PBS-treated
bead the Shh expression domain was unchanged from
untreated limb buds (Fig. 2E). These results suggest that
FGF-4 can have two distinct effects on cells in the ZPA:
FGF-4 can stimulate an abnormal migration response in
non-Shh-expressing cells and FGF-4 can induce Shh in
proximal posterior cells where Shh expression is downregu-
lated as a result of limb outgrowth.
Cell Migration and the AER
Fgf-4 is expressed by cells of the AER suggesting that
FGF-4 might serve as an endogenous chemotactic signal
that stimulates distal migration of a subpopulation of
mesenchymal cells in the progress zone. If differential cell
migration occurs during bud elongation, then we expect to
observe a mixing of cells along the proximal–distal bud axis
as migratory cells move past stationary cells toward the
AER. To investigate this question we analyzed the migra-
tion behavior of a contiguous patch of labeled progress zone
cells to determine whether labeled and unlabeled cells
mingled with one another during outgrowth. To do this
small populations of progress zone cells (stages 20 and 24)
were labeled with DiI by microinjection and immediately
after DiI labeling the distance between the base of the AER
and the distal edge of the injection site was measured (Fig.
3A). After 24 h of incubation limb buds were analyzed to
determine whether and to what extent distal cell migration
had occurred. Limb buds were analyzed both in whole-
mount preparations and in histological sections. In whole-
mount preparations the initial DiI-labeled site formed a
streak of labeled cells that was elongated in the proximal–
s of reproduction in any form reserved.
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341Chemotaxis in Limb Developmentdistal axis (Fig. 3B). Although the labeling pattern is similar
to those reported in previous fate-mapping studies (see
Vargesson et al., 1997), our studies focused on whether or
ot DiI-labeled cells migrated to the AER and how far they
igrated to reach the AER. Little to no intermingling of
FIG. 2. (A, B, C) To investigate the differentiative capacity of cell
that had migrated to the FGF-4-containing bead after 4 days of inc
imaged in bright field to identify tissue type and fluorescence micr
scattered throughout the loose connective tissue just distal to the i
identified based on MF-20 immunohistochemical staining. (B) A
tissue. (C) A longitudinal section of a limb 4 days after DiI labeling
found at the initial injection site (stippled box) and associated with
had migrated distally from both the injection site and the FGF-4 be
of an FGF-4 bead (*) into the central limb bud resulted in a proxim
indication of Shh expression associated with cells that migrate an
mplantation of a PBS-treated bead (*) into the central region of a
xpression domain. The Shh expression domain remained posterioabeled and unlabeled cells was observed at the proximal,
nterior, or posterior border of each injection site (not
r
m
Copyright © 1999 by Academic Press. All righthown). Careful analysis of the distal edge of the DiI-labeled
treak indicated that there was extensive intermingling of
abeled and unlabeled cells and that individual labeled cells
ere observed in direct contact with the base of the AER
Fig. 3C). An analysis of a total of 20 total limb buds
t migrated to the FGF-4 carrier bead, we analyzed the fate of cells
ion. A and B are computer overlays of cryosections of limb tissue
y to identify DiI-labeled cells. (A) Clusters of DiI-labeled cells are
nted bead (*). No DiI-labeled cells were found in muscle tissue (M)
e DiI-labeled cell (arrow) is shown within differentiated cartilage
FGF-4 bead implantation. High densities of DiI-labeled cells were
GF-4 bead (*, region not labeled). Individual DiI-labeled cells (dots)
and E) FGF-4 influence on Shh gene expression. (D) Implantation
pansion of the Shh expression domain (arrowhead). There was no
rly from the posterior edge of the limb bud to the FGF-4 bead. (E)
e 24 limb bud did not result in a proximal expansion of the Shh
distal.s tha
ubat
oscop
mpla
singl
and
the F
ad. (D
al ex
terioesulted in two very distinct outcomes: (1) labeled cells
aking contact with the base of the AER and (2) labeled
s of reproduction in any form reserved.
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342 Li and Muneokacells intermingling with unlabeled cells but not in contact
with the AER. The group of samples (n 5 15) making
contact with the base of the AER represented buds in which
the initial distance between the distal edge of the injection
site and the AER was 75 mm or less. In the remaining group
f five buds, there was extensive intermingling between
abeled and unlabeled cells, however, labeled cells failed to
ake contact with the AER. The initial distance between
he distal edge of the injection site and the AER in this
atter group was 90–146 mm. During the stages analyzed
stages 20–24), the limb bud is actively elongating and the
ynamics of this process make it difficult to estimate the
ctual distance that cells have to migrate to reach the AER.
evertheless, these results indicate that some mesenchy-
al cells in the progress zone migrated a considerable
istance to reach the AER, whereas other mesenchymal
ells either do not migrate or migrate to a lesser degree.
FIG. 3. AER and cell migration. B and C are computer-generated o
mages. (A) Subapical limb bud cells were labeled by DiI injection an
f the AER was measured (demarcated by arrows). The distance
wenty-four hours later the location of the distal-most DiI-labeled
f a whole-mount limb bud revealing the distribution of DiI-labele
long the proximal–distal axis (arrow) of limb outgrowth. Note tha
computer overlay of a frozen section of the distal tip of the limb
re associated with the AER (arrowhead). (D) Subapical limb bud ce
ite was surgically removed. Twenty-four hours later the locatio
etermined. (E) Bright-field image of a whole-mount limb bud 24 h
s present distal to the region of DiI labeling (*) with AER present a
ud shown in E. DiI-labeled cells are absent in mesenchyme sub
igration (arrow) is redirected toward the AER at the edge of theIn a second series of experiments we coupled DiI labeling
ith partial or complete AER removal to address the
a
t
Copyright © 1999 by Academic Press. All rightuestion of whether the AER acts in a chemotactic manner.
ells within the progress zone were labeled with DiI and
ither the AER was entirely removed or a region of the AER
irectly distal to the labeled site was removed (Fig. 3D).
fter 24 h of incubation the trajectory of labeled cells was
nalyzed. After complete AER removal we observed an
nhibition of distal cell migration (not shown). After partial
ER removal we found that DiI-labeled cells did not mi-
rate distally into regions that lacked an overlying AER;
owever, labeled cells did reorient their migration pathway
o follow a trajectory directed toward the intact AER on the
dge of the wound (Figs. 3E and 4F). Our observations
ndicate first that in the absence of the AER cells fail to
igrate distally, and second that cells will redirect their
ormal distal migration pathway and begin moving toward
he AER. To test whether FGF-4 can replace the chemotac-
ic activities of the AER, we DiI labeled progress zone cells
ys of bright-field (B) or phase-contrast images (C) and fluorescence
e distance between the distal edge of the injection site and the base
een DiI-labeled cells and the AER ranged from 18 to 146 mm.
with respect to the AER was determined. (B) A computer overlay
s derived from a single injection. The DiI-labeled region elongates
ally the DiI label is diffuse and extends to the base of the AER. (C)
hown in B. DiI-labeled cells scattered among non-DiI-labeled cells
ere labeled by DiI injection and the AER just distal to the injection
the distal-most DiI-labeled cells with respect to the AER was
r DiI labeling and partial AER removal. Non-AER distal ectoderm
edge of the wound (arrowhead). (F) Fluorescence image of the limb
nt to the non-AER distal ectoderm (*) and the trajectory of cell
d (arrowhead).verla
d th
betw
cells
d cell
t dist
bud s
lls w
n of
afte
t thend pinned an FGF-4 bead onto a limb bud after removing
he AER. After 24 h DiI-labeled cells were found clustered
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343Chemotaxis in Limb Developmentaround the FGF-4 bead (not shown). We conclude from
these studies that the AER acts in a chemotactic manner to
stimulate mesenchymal cell migration and that ectopic
FGF-4 can replace that function.
Cell Migration and Limb Outgrowth
To examine the influence of cell migration on limb
patterning, we analyzed the morphological consequences of
altering distal cell migration by implanting an FGF-4 bead
FIG. 4. Cell migration and limb morphogenesis. (A) Stage 24 lim
region formed limbs that displayed severe reductions in the proxim
treatment. The tungsten pin used to hold the FGF-4 bead in place
FGF-4 beads (*) implanted into the distal region of a stage 24 limb
B was inhibited from elongating in the proximal–distal axis. Note
with the site of bead implantation (arrows) giving the distal limb
morphogenesis was unaltered after implantation of three control PB
24 h after the implantation of three PBS beads into the distal region
from the implantation of two FGF-4 beads shown in B and C. The o
normally; however, proximal–distal elongation of many skeletal einto the central limb bud. FGF-4 bead implantation into
stage 24 wing buds was carried out as previously described
i
Copyright © 1999 by Academic Press. All rightnd limbs were analyzed for skeletal defects after 6 days of
ncubation. PBS control beads had no effect on limb mor-
hology (not shown). Implantation of an FGF-4 bead caused
very consistent limb phenotype (Fig. 4A) that included an
verall reduction in the proximal–distal length of limb
keletal elements with a dramatic reduction in the length of
he ulna (mean reduction, 67%). Since the site of bead
mplantation corresponds to the presumptive ulna region of
he bud, the effect of the FGF-4 bead appeared to be
ocalized to the site of implantation and the primary defect
ds which received a single FGF-4 bead (*) into the posterior-distal
istal length of the ulna. Digit patterning was unaffected by FGF-4
tached to the bead (arrowhead). (B) An in vivo image showing two
(C) Twenty-four hours after implantation the limb bud shown in
the inhibition of elongation was most severe in regions associated
an “arrowhead” appearance. (D) In control experiments limb bud
ads into a stage 24 limb bud. A normal stage 26 limb bud is shown
stage 24 limb bud. (E) Skeletal preparation of the limb that resulted
l skeletal pattern is complete and digit pattern formation occurred
nts was inhibited.b bu
al–d
is at
bud.
that
bud
S be
of as an inhibition of proximal–distal elongation.
Our data suggest a model in which FGF-4 produced by the
s of reproduction in any form reserved.
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344 Li and MuneokaAER acts in a chemotactic manner to selectively recruit
cells to the distal tip of the limb bud and that this recruit-
ment of cells to the AER is critical for bud elongation. In
this model AER-induced cell migration plays an important
role in organizing the outgrowth of the limb bud in a distal
direction as predicted by computer-modeling simulations of
limb bud morphogenesis (Ede and Law, 1969). According to
this model we predict that an ectopic source of FGF-4
competes with the AER in recruiting cells to the distal tip
of the limb bud and, thus, inhibits distal elongation of the
bud. This model provides an explanation for why FGF-4 can
induce bud outgrowth when placed distally and inhibit
outgrowth when placed centrally. To test this model we
implanted two FGF-4 beads (500 mg/ml) into subapical
egions of the stage 24 limb bud (Fig. 4B). These limb buds
ere analyzed after 24 h for changes in bud morphology and
fter 6 days for changes in skeletal morphology. Limb buds
eceiving two FGF-4 beads (500 mg/ml) positioned subapi-
cally in the anterior–central and posterior–central bud
resulted in a severe inhibition of limb outgrowth. After
24 h, distal outgrowth of the limb bud was inhibited
resulting in a bud that was flattened along the distal edge of
the bud associated with the locations of the FGF-4 beads
(Fig. 4C). This alteration of bud morphology is consistent
with the idea that distal migration of cells is locally
inhibited by ectopic FGF-4. After 6 days a skeletal analysis
of these limbs revealed that the overall limb pattern was
normal; however, proximal–distal elongation of both
zeugopodial elements was much reduced (Fig. 4E). Since
digit formation occurs normally, the effect of FGF-4 appears
to be transient and restricted to the proximal–distal level of
specification associated with the site of implantation, i.e.,
the presumptive zeugopodium. Control limb buds receiving
two or three PBS-treated beads developed normally, display-
ing no abnormalities either in the morphology of the limb
bud after 24 h (Fig. 4D) or in the skeletal pattern after 6 days
(not shown). The data suggest that the primary effect of the
FGF-4 bead is to inhibit proximal–distal elongation of the
limb bud without influencing limb patterning. Overall,
these results support the hypothesis that one role of the
AER is to provide a chemoattractive signal (FGF-4) which
selectively recruits cells to the distal tip of the limb bud.
DISCUSSION
In the developing limb bud FGF-4 production by the AER
has been implicated in the control of limb patterning and
morphogenesis. Limb outgrowth is known to be dependent
on cell proliferation induced by the AER, as well as ZPA
signaling/Shh expression by posterior bud cells (Chiang et
al., 1996). The fact that FGF-4 both is mitogenic for limb
bud cells and acts to regulate ZPA signaling/Shh expression
supports this conclusion. We now add to this list a new
activity, cell migration, that is regulated by the AER and
FGF-4 during limb outgrowth. Our data demonstrate that
limb bud cells respond in a chemotactic manner to the AER
l
i
Copyright © 1999 by Academic Press. All rightnd to an ectopic source of FGF-4. Since Fgf-4 gene expres-
ion in the limb bud is restricted to cells of the AER, the
ata suggest that FGF-4 is an endogenous chemoattractant
or limb bud cells. Our findings in conjunction with
omputer-modeling studies showing that limb morphogen-
sis requires distal cell migration in conjunction with an
pical zone of enhanced cell proliferation (Ede and Law,
969) provide evidence that the distal migration of cells is
rucial for morphogenesis of the early limb bud. We propose
hat FGF-4 production by the AER acts to recruit and
aintain mesenchymal cells in the progress zone where
hey are influenced by other growth and patterning signals.
The maintenance of ZPA signaling by FGF-4 is linked to
he expression of Shh by ZPA cells (Niswander et al., 1994;
aufer et al., 1994). In addition, there is evidence that FGF-4
nhancement of gap junctional communication between
osterior limb bud cells is also linked to the signaling
ctivities of the ZPA (Makarenkova et al., 1997). The
esults from our studies indicate that posterior cells that
igrate in response to FGF-4 do not express, or do not
ontinue to express, the Shh gene. Since Shh expression is
onuniform within the ZPA (Marti et al., 1995), it is not
ossible to distinguish between these two possibilities.
evertheless, it seems unlikely that cells would establish
unctional gap junctions during a migration response. Thus,
he evidence favors the conclusion that ZPA signaling cells
espond to FGF-4 by enhancing gap junctional communica-
ions with other ZPA signaling cells while non-ZPA signal-
ng cells respond to FGF-4 in a chemotactic manner.
The migration response by posterior cells to FGF-4 is
apid and we can detect abnormal migration patterns be-
ween 3 and 6 h after FGF-4 application. By comparison to
ther documented responses to FGF-4 application in vivo,
he migration response is the most rapid. Other character-
zed responses to FGF-4 in vivo or in vitro include (1) the
nduction of Shh expression by proximal posterior cells
hich is detectable between 6 and 12 h (Yang and Niswan-
er, 1995; Li, unpublished); (2) the enhancement of gap
unctional coupling between posterior cells which is detect-
ble after 24 h (Makarenkova et al., 1997); and (3) an
nhanced labeling index that is detectable after 28 h
Niswander and Martin, 1993). The rapid migration re-
ponse to FGF-4 raises the possibility that cell migration
ay be a direct response to FGF-4. In Drosophila and
aenohabditis, the FGF signaling pathway is directly
inked to the control of specific episodes of cell migration,
nd in vertebrate development myoblast migration is di-
ectly linked to the FGF signaling pathway (Sutherland et
l., 1996; Burdine et al., 1997; Itoh et al., 1996). In addition,
ecent evidence indicates that FGF-10 acts as a chemoat-
ractant for developing lung epithelial cells (Min et al.,
998; Park et al., 1998; Sekine et al., 1999). Thus, we
ropose that a subpopulation of mesenchymal cells in the
imb bud respond directly to FGF-4 in a chemotactic man-
er. This conclusion raises the possibility that some of the
ater responses by limb bud cells to FGF-4 may be an
ndirect consequence of an FGF-4 migration response. One
s of reproduction in any form reserved.
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345Chemotaxis in Limb Developmentpossibility is that the migration of non-Shh-expressing cells
away from Shh-expressing cells may act to place Shh-
xpressing cells in closer proximity and thus enhance the
ormation of gap junctions between cells. Another possibil-
ty is that there may be a causal link between the mitogenic
ffect of FGF-4 and the FGF-4-induced migration response.
hus, distal cell migration into an apical growth zone may
e a necessary precondition for enhanced mitogenicity
uring limb outgrowth. This latter model is supported by
he observation that limb outgrowth can be stimulated or
nhibited by FGF-4: an FGF-4 source placed apically in the
bsence of the AER stimulates limb outgrowth (Niswander
t al., 1993), whereas central or subapical placement of an
GF-4 source inhibits limb outgrowth. The fact that the
verall growth of the limb bud is influenced by FGF-4 in a
osition-dependent manner suggests that the mitogenic
ctivity of FGF-4 on limb bud cells is indirect. For example,
ells directed to migrate into zones of reduced growth (e.g.,
roximal and central limb bud) are growth inhibited,
hereas cells directed to migrate into zones of enhanced
rowth (e.g., progress zone) are growth stimulated. We have
reviously observed a similar type of position-dependent
rowth regulation for 3T3 cells introduced into different
egions of the mouse limb bud (Trevino et al., 1992).
A second important conclusion that can be drawn is that
ells within the progress zone are actively migrating toward
he AER during limb outgrowth. Our analyses of the migra-
ion behavior of progress zone cells during bud elongation
upport the conclusion that cell mixing occurs at the limb
pex during outgrowth and that cells migrate to make
ontact with the AER. These results indicate that the
rogress zone is a much more dynamic environment than
reviously believed and that cells routinely alter their
eighbor relationships during morphogenesis. The role that
ifferential cell migration within a dynamic progress zone
lays in the regulation of cell to cell signaling during limb
utgrowth and morphogenesis remains to be elucidated.
ne intriguing possibility is that the combination of local
ell signaling with migratory responsive cells may provide a
ynamic mechanism for long-range signaling.
The chemotactic activity and the expression domain of
gf-4 correlate with shape changes that occur in the early
imb bud. Fgf-4 expression in the early limb bud is asym-
etrically localized to the posterior AER, whereas later in
evelopment, during bud elongation, Fgf-4 expression is
istal and symmetric along the anterior–posterior axis.
uring the early stages of limb formation the chick bud
tself takes on an asymmetric shape with outgrowth visibly
iased toward the posterior. The production of FGF-4 in the
osterior limb bud correlates with this asymmetrical shape
hange. Both the chemoattractive and the mitogenic activi-
ies of FGF-4 are consistent with the view that shape
hanges in the early limb bud are modulated by FGF-4
roduction. However, in vivo rates of cell proliferation in
he early limb bud show no detectable differences between
nterior and posterior tissues (Cooke and Summerbell,
Copyright © 1999 by Academic Press. All right980; K. Ohsugi, personal communication), suggesting that
migration response is critical for this shape change.
The chemoattractive activities of FGF-4 appear to be
pecific. Many of the FGFs present in the developing limb
ud share activities when assayed in ectopic bead applica-
ion experiments. For example, the AER produces FGF-2,
GF-4, and FGF-8 and in experimental studies all of these
actors maintain limb outgrowth in the absence of the AER,
nduce supernumerary limbs from flank tissues, and main-
ain Shh expression in ZPA cells. In contrast, cell migration
uring bud elongation (stage 24) appears to be induced by
GF-4 but not FGF-2. Studies of supernumerary limb induc-
ion by FGF-8 demonstrate that there is no obvious cell
igration response by flank cells to ectopic FGF-8, thus
uggesting that FGF-8 is not playing a chemotactic role
uring limb development (Cohn et al., 1997). In a previous
tudy we observed modified cell movements in response to
GF-2 in early limb buds (stages 19–21; Li et al., 1996), thus
uggesting that the responsiveness to FGF-2 signaling may
ary with developmental stage. The specificity of an FGF-4
esponse in experiments where very high levels of growth
actors are administered is puzzling in light of the known
ross-reactivity of related growth factors for the same
eceptor. Understanding how related growth factors stimu-
ate the same cells in distinct ways will provide important
lues for how the process of pattern formation is orches-
rated during the development of the vertebrate limb.
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